The murine Ig heavy chain gene locus is regulated by multiple elements. In addition to the intron enhancer, E^, there is a complex regulatory region 3' of the C a gene, which spans -40 kb and contains several enhancers. In contrast to mouse, the human IgH cluster contains two C a genes, each associated with duplicated arrays of other C H genes. There is evidence to suggest that each array is individually regulated. In this report, we describe an ~2 kb region containing 20 bp repeats that lies 3' of both human C a 1 and C a 2 genes. This repeat region appears to be the site of integration of the Epstein-Barr virus in the RGN1 B lymphoma cell line. The repeat region is homologous to a 420 bp segment in mouse that is located downstream of the C a membrane exon in the interval preceding the second of three poly(A) termination sites. However, in contrast to human, the murine segment contains degenerate repeats. The human repeat region bears significant homology to switch sequences, in particular to S^ and S a . We hypothesize that the human repeat regions may play a role in the class switch process by contributing to the stabilization of interactions between the two switch regions. The presence of a Sau3A site within the repeats presents a barrier to cloning with several existing human genomic libraries, most of which are based on partial Sau3A digestion. Furthermore, the homology of the repeat region with S H and S a sequences may contribute to the difficulty in isolating YAC clones containing C a genes since homologous recombination could potentially have deleted this entire segment. Our map of these DNA segments provides a guide to their isolation and characterization.
Introduction
In contrast to mice in which there is a single C a gene located at the 3' end of the IgH gene cluster, in humans there is an internal duplication of segments containing y, e and a genes (Fig. 1A, 1-6 ). While there is evidence suggestive of the idea that each of these duplicated units is independently regulated (7, 8) , the elements that govern their independent regulation have not yet been identified.
Multiple elements regulate the IgH chain gene locus in mouse (9) . These include the intron enhancer E M and a complex regulatory region 3' of the C a gene. This 3' regulatory region spans -40 kb and contains several enhancers: C a 3'e (10), 3' aE (11, 12) , hs3 (13) and 3' a-hs4 (Hs4) (13, 14) . There is evidence for the contribution of the 3' regulatory region to high levels of secreted IgH expression by highly differentiated plasma cells (15, 34) . Recent studies using targeted deletion in mice have illustrated the importance of one of the enhancers in this region, i.e. 3' aE, in class switching to several isotypes (16) . In addition, there is evidence for synergy involving 3' aE and other elements in this region. Together, 3'aE, hs3 and hs4 define a locus control region for c-myc and Ig expression in plasmacytomas (13) Analysis of mice in which E^ has been deleted by targeted homologous recombination (17, 18) shows a deficiency in activation of C^, and in high levels of VDJ joining, implying the necessary involvement of E^ in these events. Other processes affecting heavy chain gene rearrangement and expression appear to be unaffected in E^-deficient mice: these are presumptively regulated by the 3' regulatory region. Together, these data underscore the critical importance of this complex regulatory region 3' of the heavy chain gene locus By analogy to mouse, it is likely that the human IgH gene cluster contains regulatory elements, other than E^, that might be located 3' of the human C a 1 and C a 2 genes. Human Ig genes have been mapped and the distances between them have been established (19) . While sequences in the JH-C n interval have been determined, including a segment analogous to E^ (20) , little is known about the DNA sequences in the regions 3' of the C a 1 or C a 2 genes. We have sought to analyze sequences 3' of the human C a 1 and C a 2 genes to determine whether, as in mouse, these segments contain regulatory sequences that influence IgH gene expression. We have discovered an ~2 kb region containing 20 bp repeats that lies 3' of both C a 1 and C a 2 genes. This repeat region bears significant homology to switch sequences and, in the RGN1 B lymphoma cell line, is the site of integration of the Epstein-Barr virus (EBV) (21) The presence of a Sau3A site within the repeat presents a presumptive barrier to cloning this region from several existing human genomic libraries, most of which are based on partial Sau3A digestion
Methods

Screen of phage library
A human genomic library (Stratagene, La Jolla, CA), prepared by partial Sau3A digestion of placental DNA from a Caucasian male and ligated into X Fix II, was screened by hybridization (22) with a 572 bp probe derived from a segment 3' of human C a 1 and C a 2 membrane exons (23), i.e position 502-1073 of GenBank sequence M35288. The probe was prepared by PCR, using a template of human placental genomic DNA, a gift of Kenneth Krauter, Albert Einstein College of Medicine. The 5' primer corresponded to position 502-529 (M35288), except that bases 511 and 512 were changed from GT to AA to generate an internal H/ndlll site; and the 3' primer corresponded to the reverse complement of position 1042-1073, except that position 1068 was changed from C to T to generate an internal EcoRI site. The amplified fragment was purified, digested with EcoRI and H/ndlll, and cloned in pUC18, which had been digested with the same enzymes. The plasmid insert was sequenced to confirm the identity of the insert. The probe was labeled by random oligonucleotide priming, according to the manufacturer's instructions (Stratagene).
Extraction and purification of DNA from phage positively hybridizing with the 572 bp probe was carried out as described (24) . Purified phage DNA was digested with Sac\, subjected to electrophoresis in a 1.1% agarose gel, transferred to Nytran membranes by the method of Southern (22) and hybridized with the 572 bp probe or with T3 or T7 phage promoters, labeled with Klenow DNA polymerase (Boehringer Mannheim, Indianapolis, IN).
Subcloning
Sad fragments from phage containing C a gene segments were isolated from agarose gel, purified with QIAEX gel extraction kit, according to the manufacturer's protocol (Qiagen, Chatsworth, CA), and then subcloned into the Sad restriction site of pUC18. Sequencing was performed using Sequenase, version 2.0 (USB, Cleveland, OH), initially with the -40 primer and reverse primer from M13, and later with a secondary primer (5'-TCCTACTCCTG I I I I lGGCCC-3'), derived from the 194 bp region of identity preceding the 20 bp repeat regions downstream of C a 1 and C a 2 genes.
DNA sequencing of CH2 regions in phage
To determine whether an individual phage contained the C a 1 gene or the C a 2 gene, two primers were synthesized to amplify C H 2 domains of the C a genes. The 5' primer (5'-TGCTGACCAGCTCAGGCCATCTCTCCACTC-3') was derived from the 5' region of the C H 2 domain, i e. position 629-658 of GenBank sequence J00220, and the 3' primer (5'-TATGCTTTGCAAACCAGAGCACTGAGCAGG-3') was derived from the 3' region of the CH2 domain, i e. position 1045-1075 (25) . Phage DNA was used as a template for PCR, as described below Amplified C H 2 regions were cloned in pUC18 and sequenced.
To identify which of the 20 or 12 kb H/ndlll fragments identified by genomic Southern analysis contained the C a 2 gene, we utilized a PCR strategy based on an 8 bp deletion in the C a 1 gene compared with the C a 2 gene (23). The 5' primer (5'-TTCACACGAGTCTGGGAGTCT-3') corresponded to positions 200-221 of the C a 2 gene (M35289) (which, compared with C a 1, contains an additional 8 bp), and the 3' primer (5'-TCACGGTCAGTGCTGTGCATA-3') corresponded to positions 379-400 (M35289) and is present in both C a genes. Thus only DNA containing the C a 2 gene would be amplified 
PCR
Genomic Southern analysis
Human placental genomic DNA was digested with BglH, H/ndlll, Msp\, Pstt and Rsa\; and human genomic DNA from EBV-transformed B cell lines RC-2, B1-3 and C-4, gifts of Dr Anne Davidson, Albert Einstein College of Medicine, was digested with SamHI and Pst\. The digested DNA was subjected to electrophoresis in a 0.8% agarose gel at 40 V for 15 h, and then transferred to Nytran and hybridized with appropriate probes. Hybridization was carried out as described (22) . The blot of human placental genomic DNA digested with Bgl\], H/ndlll, Msp\, Pst\ and Rsa\ was stripped with 25 mM NaOH, washed with 5xSSC and hybridized to the second probe
Analysis of sequence
Sequences were analyzed and compared with GenBank files, using the computer software program GCG.
Results
Cloning of sequences 3 of C a 1 and Co2 genes
To identify sequences in regions 3' of C a 1 or C a 2 genes, we screened a human genomic library with a 572 bp probe derived from a DNA segment close to the 3' end of known sequences downstream of C a 1 or C a 2. Since C a 1 and C a 2 genes are highly homologous and in this region are virtually identical (23) , this probe would be expected to hybridize to DNA that lies downstream of both genes. Nine phage clones from I0 6 plaques were identified by hybridization to the 572 bp probe The size of phage inserts, as determined by Afofl cleavage, ranged from 15.2 to 18 kb Inserts were mapped with Sacl, which is present in the phage vector only in the poly cloning regions. DNA from the positive phage clones gave several well-separated Sacl fragments, which could be monitored by gel electrophoresis. The screening probe hybridized to a Sacl fragment of 5.1 kb in all of the phage clones Previous studies have shown that C a 1 and C a 2 genes are each located on a Sacl fragment of this approximate size (26, 27) . We wanted to identify the sequences 3' of this fragment that were present in our phage clones. In the X Fix II vector, the insert is flanked by oligonucleotides corresponding to the promoter regions of T3 and T7 bacteriophage respectively Using these promoter regions to mark the 5' and 3' ends of the insert, we could identify the orientation of the insert and, therefore, the presence of fragments 3' of the 5.1 kb Sacl fragment. Using this approach, we found that in all nine phage, the 5 1 kb Sacl fragment was located at or near the 3' end of the insert. This observation suggested that the region further 3' presented a barrier to cloning. In six of the phage clones, the 3'-most Sacl fragment was the 5 I kb fragment itself. Three other phage clones, however, contained short fragments 3' of the 5.1 kb fragment In one phage clone, the most 3' Sacl fragment was 0.82 kb and in two, the fragment was 0.65 kb. Phage Southern analysis showed that the 0.82 and 0 65 kb fragments hybridized to each other, indicating their sequence similarity. From these data, it seemed possible that these short segments derived from a single location 3' of one of the two C a genes An initial focus, then, was to identify whether C a 1 or C a 2 genes were present in the phage.
Although the C a 1 and C a 2 genes are highly homologous, it is known that the C H 2 domain of human C a 1, which contains the hinge region, is 39 nucleotides longer than the corresponding region in the C a 2 gene (25) . We generated primers on either side of this distinguishing segment and carried out sequence analysis of the PCR product of the C H 2 exons in the phage DNA Six phage contained the C a 1 gene, including the single phage containing the 0.82 kb segment. Three phage contained the C a 2 gene, including the two phage containing the 0.65 kb Sacl fragment. In humans, there are two alleles of the C a 2 genes. These allotypes can be distinguished by EcoRI cleavage: the C H 1 domain of the C a 2m(2) gene contains an EcoRI site, while the C a 2m(1) gene does not (26) . All three phage containing the C a 2 gene showed no EcoRI cleavage, implying that these phage contained the C a 2m(1) allotype. From these data, we concluded that homologous segments of DNA are located downstream of both C a genes. In particular, the 0.82 kb segment is located downstream of the C a 1 gene and the 0.65 kb fragment is located downstream of the C a 2m(1) gene.
Segments containing 20 bp repeats lie 3' of C a 1 and genes
The 0.82 and 0.65 kb fragments were subcloned into pUC18 and sequenced, initially utilizing specific primers flanking the polylinker cloning site A complete sequence of each fragment was determined using additional primers, based on the generated sequence, and automated sequence analysis ( Using a FASTA search of GenBank files, we observed that the repeat regions downstream of human C a 1 and C a 2 were homologous to known DNA sequences.
Mouse 3' a region. The human C a 1 repeat region displayed 61% identity to a 420 bp segment of mouse DNA that is located downstream of the single C a membrane exon in the interval after the first of the three poly(A) addition sites (28) . Using the human 20 bp repeat as a unit of measure, we identified a degenerate repeat structure in the murine sequence, as shown in Fig. 2 . However, unlike the consistent 20 bp repeat pattern in human, this region from mouse contained a number of partial 'repeats', reflecting deletions, and larger 'repeats', reflecting insertions. Interestingly, a consensus sequence, derived from the inferred murine repeat structure, is very similar to that observed for human.
EBV insertion in the RGN1 lymphoblastoid cell line. Using a FASTA search, we found homology to a segment of human DNA that had been previously identified as a site of EBV integration in the RGN1 human B lymphoblastoid cell line (21) . While virtually every human shows evidence of infection with the EBV virus, only rarely does the virus integrate, infected B cells almost always contain the EBV genome in the form of an extrachromosomal circle. Cloning and sequencing of an EBV-human DNA junction from the RGN1 cell line showed that the viral integration involved the latent origin of replication, onP, and the site of integration in the human genome was associated with a segment of 20 bp repeats, encompassing >800 bp in length (21) . The origin of this repeat region was not identified. As shown in Table 1 , the consensus sequence reported for the repeats from the viral integration site is identical to that of C a associated repeats, except for one of two alternate possibilities at a single position, which potentially reflects polymorphism.
There are additional structural similarities between the region associated with the viral integration and the C a associated repeat segment. For example, as reported, the human sequence into which EBV integrated, when used as a probe at high stringency on placental DNA, detected two bands(21); for BamH\ digested genomic DNA, these were -2.5 and -2.1 kb, as estimated from Fig. 3 in (21) . Our studies similarly showed two bands of the same size using the C a associated repeat region as a probe (Fig 3) . In addition, within the clone of the EBV integration site is a constellation of three Bcl\ sites within close proximity to a Sacl site (21) ; an identical constellation of sites is present in C a 1 and C a 2 associated downstream sequences (Fig. 1C -0 T  GA  GG  TT  GA  G-CAA--G--GG  T  GA  G-CAA-G--GG  T  GA  G-T  GA-T  G-T  GA-G--GG  TT  GA  G 
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MA GACCCGATACCAAGTCATTAA GCTTGATATCTGGACCTGATTTCTAA iACATTTGGCCTCTGTGA HAl TCA GCCCTGG ACCTCGTCACTCA GCCCTGGACCTCGTCACTCA GCCCTGGACCTCGTCA (21) while our studies show multiple Bcl\ sites in this corresponding segment for C a associated repeats (Fig. 1C) . These multiple Bcl\ sites reflect the single base difference in the two consensus sequences, as noted above Thus, the extensive sequence homology and the genomic Southern data imply that in RGN1, EBV is inserted into the human genome by integration into the repeat region downstream of either the C a 1 or C a 2 genes. To identify the particular C a gene involved would require additional data from the RGN1 cell line. These results suggest that the repeat region may be accessible in B cells, indicative of a potential functional role in normal IgH chain gene expression.
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Switch sequences.
The C a associated 20 bp repeat sequence also shows 60.5 and 59% homologies to the human switch sequences, S M and S a respectively, suggestive of a possible functional role of the C a associated repeats. The homology reflects the repeating structures, for the most part, both Sn and S a are comprised of multiple repeats of two pentameric motifs, considerable segments of which are present in the 20 bp repeat structure (see Table 1 ). We hypothesize that the repeat regions may interact with either S n or S a or both, to facilitate switching. Such interactions could occur either directly, by virtue of homology, or through protein factors, which could facilitate association of these segments.
Map of regions 3' of human C a 1 and Cg2 genes
Using a probe derived from the repeat segment and restriction enzymes with a known cleavage site upstream of, yet in close proximity to, the repeat region, we carried out genomic Southern analysis in order to generate a map of currently unknown downstream sequences. For several digests, including Sg/ll, H/ndlll, Psfl and Msp\, we were able to show that a probe for the C a gene detected a band(s) of the same size as that identified with the repeat probe, confirming the association of repeat regions with each C a gene in genomic DNA (Fig. 4 ). In the case of H/ndlll, two bands of 20 and 12 kb hybridized to both C a 1 and to C a 2 repeat probes. To link Sites in the C a 1 associated region were assigned from DNA sequence analysis or restriction enzyme cuts of the isolated DNA segment After identification of C a 1 associated fragments, remaining fragments were assigned to the C a 2 associated region Several additional Sc/I sites have been identified from the sequences shown in Fig 1(C) but have not been added to the map. Solid box, C a these fragments to specific C a genes, bands were isolated from the gel and used as a template for PCR with a primer pair designed to selectively amplify the C a 2 gene due to an 8 bp deletion in C a 1 as compared with C a 2 (23) (see Methods).
As a control, we used phage DNA containing previously identified C a genes Only the 12 kb fragment and the phage containing C a 2 showed a PCR generated band (data not shown) With these data we inferred that the 12 kb H/ndlll fragment contained the C a 2 gene and its downstream sequences while the 20 kb H/ndlll fragment contained the C a 1 gene and its associated downstream sequences. This approach is useful only for fragments, like those generated from Hind\\\ cleavage, that span the 8 bp deletion polymorphism. Other fragments we have mapped, e.g. using BamVW or Ps/I cleavage, cannot yet be linked to a specific C a gene because they do not include an identified allele-specific element.
Using a novel PCR-pUC18 ligation strategy (manuscript in preparation), we have been able to clone a 2.3 kb fragment that, as shown in Fig. 5(A) , extends from a SamHI site 3' of a C a gene, through the repeat region, and terminates at a Pstt site. The sequence of the repeat region showed that this fragment was specifically located downstream of the C a 1 gene (data not shown). The same 20 bp repeat structure was present throughout virtually the entire segment, a SamHI site marked its 3' terminus. Based on the map of this clone and the genomic Southern analysis, we have been able to formulate individual restriction maps for the regions 3' of C a 1 and C a 2 genes: the region occupied by the 20 bp repeats is -1.8 kb for the region downstream of C a 1 and -2.1 kb for the region downstream of C a 2 (Fig. 5) .
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We considered the possibility that the repeats would be subject to length variation in various individuals. To initially assess this likelihood, we carried out genomic Southern analysis on DNA from three EBV-transformed B cell lines (Fig. 3) . DNA cut with Pst\ or with BamVW gave patterns of hybridization with the repeat probe that were identical to those seen with a placental genomic DNA sample. Based on a limited number of samples, these data indicate general conservation of the repeat length Similar conservation of the DNA segment adjacent to the EBV integration site was previously reported (21)
Discussion
We have shown from analysis of phage clones and from genomic Southern analysis that an ~2 kb region containing 20 bp repeats lies downstream of both human Ig C a 1 and C a 2 genes. The 20 bp repeat region is uniquely associated with these genes. The conservation of this element suggests that it was present in the human Ig heavy chain gene cluster before the generation of the internal duplication (1, 5) .
Our experiments have identified a site of EBV integration in the RGN1 B lymphoblastoid cell line, which was previously cloned and sequenced but the origin of which had not been identified we propose that the viral integration was within the repeat region downstream of either the C a 1 or the C a 2 gene, at a position ~ 1.5 kb 3' of the membrane exon. This conclusion is based on the observation that an ~1 kb DNA segment, identified as the site of EBV integration, was characterized by a 20 bp repeat structure (21) . We find that the consensus repeat (21) is essentially identical to that of C a associated repeats (Table 1) . In addition, a number of restriction sites associated with the viral integration are identical to those associated with the C a repeat region. Furthermore, genomic Southern analysis using the repeat region associated with the viral integration gave a hybridization pattern like that we have observed using C a associated repeats as a probe. While in RGN1, EBV appears to have integrated in C a associated repeats, it is unlikely that this repeat region has been widely used for EBV integration. Integration sites in various lymphoblastoid cells have been localized to several chromosomes other than chromosome 14, which contains the Ig heavy chain gene locus (28, 29) .
The 20 bp repeat regions found downstream of human C a 1 and C a 2 genes bear homology to a region in mouse that lies 3' of the single mouse C a gene and our identification of a similar consensus sequence for the mouse DNA segment suggests a common evolutionary origin. However, the precise repeat structure is not maintained in mouse. Rather, only a degenerate repeat structure could be detected within a limited segment of 420 bp and then only by comparison to the human 20 bp repeat as a unit of length. In addition, the region of homology in mouse lies within the transcription unit for C a membrane exons (30) , while in human, the repeat region lies 3' of the C a membrane transcription units In mouse, the 3' regulatory region begins ~1 kb downstream of the C a transcription unit (14) . Assuming a generally analogous location in human, potential enhancer elements may be present within a few kb downstream of the 2 kb repeat region.
It is interesting to consider the possibility that the region 3' of human C a genes may differ considerably from the analogous region 3' of the mouse C a gene. We have attempted to use a number of DNA fragments from the mouse 3' a region, including those containing enhancers, for genomic hybridization at low stringency to human DNA. None has shown detectable hybridization (data not shown), implying that the sequences in these regions differ. In mouse, the 3' ceE is flanked by families of repetitive DNA sequences, several of which are unique to the 3' a region (11, 31) . We anticipate finding polymorphic repetitive gene families in the human 3' a regions. However, until we are able to examine sequences further 3' of the C a genes, we will not know whether the pattern is maintained, albeit with different sequences Identification of these repeat segments downstream of human C a 1 and C a 2 genes, complete with repetitive Sau3A sites, may account for our difficulty in using existing genomic libraries to isolate sequences extending further 3' in this region Several of these libraries were prepared from DNA partially digested with Sau3A or Mbo\, an isoschizomer Furthermore, we were unsuccessful in identifying a particular YAC clone that contained human C a and downstream sequences from our screen of the CEPH YAC libraries using PCR. Initial screening of YAC pools was promising; but as we pursued identification, it appeared that the pertinent YAC clones had lost the relevant sequences. This observation becomes understandable in light of the homology of the C a associated repeats with S^ and S a . It appears likely that homologous recombination, known to modify YAC inserts, could have resulted in deletion of the desired heavy chain sequences It is noteworthy that the genetic map of human DNA shows a gap in this region (32) and others have reported significant instability of YACs that contain human Ig sequences (33) . However, as we report, we have been able to employ a PCR strategy to clone a segment of DNA 3' of the 20 bp repeats, which will be useful for further analysis of regions downstream of C a 1 and C a 2 genes.
The conservation of a precise 20 bp repeat pattern downstream of both C a 1 and C a 2 genes suggests that the repeats themselves may be functional in human: the particular function that they play may either be unique to human and not utilized by mouse or, alternatively, in mouse, may be carried out by other elements in different locations. The fact that the consensus for the repeats is the same downstream of both C a genes suggests that other factors are responsible for differential regulation of the two heavy chain gene clusters. Variations in the maps of the regions further downstream of C a 1 and C a 2 genes may help to identify the location of adjacent elements that are involved in differential regulation of the two clusters.
The observation that Ig C a repeats are the site of EBV integration in a lymphoblastoid cell line is indicative of their accessibility in that cellular milieu and their ability to engage in DNA recombination events. The possibility that they are similarly 'open' in normal human B cells is intriguing to contemplate. Accessibility could reflect potential function. The homology of the repeats to S^ and S a suggests a role in the class switch process. These segments could help to bring distal DNA segments into contiguity, stabilizing a recombination intermediate.
